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Abstrat
We report on high time and spatial resolution observations of the supernova remnant
3C 58 using the High Resolution Camera (HRC) on the Chandra X-ray Observatory.
These data show a point-like entral soure, from whih we detet 65.68-ms pulsations
at 6.7σ signiane. We interpret these pulsations as orresponding to a young rotation-
powered pulsar, PSR J0205+6449, whih is assoiated with and whih powers 3C 58.
Analysis of arhival RXTE data from three years earlier onrms these pulsations, and
allows us to determine a spin-down rate of P˙ = 1.93× 10−13 s/s. Assuming a magneti
dipole model for PSR J0205+6449, we infer a surfae magneti eld of 3.6 × 1012 G.
The harateristi age for this pulsar is 5400 yr, indiating either that 3C 58 was not
the supernova of 1181 CE, or that the pulsar's initial spin period was ∼ 60 ms.
Subjet headings: ISM: individual (3C 58), pulsars: individual (PSR J0205+6449),
stars:neutron, supernova remnants, X-rays:general
1. Introdution
An isolated pulsar within a supernova remnant presents an opportunity to ompare the derived
harateristis of both, partiularly the ages. 3C 58 is of partiular interest sine it is generally
aepted as being the remnant of SN1181 CE (Clark and Stephenson (1977)) and, therefore, has a
known age of 820 years. The lassi best-loved example of a pulsar/SNR assoiation is the Crab
Nebula, with harateristi pulsar age of 1250 years, lose to the historial age of 946 years. Previous
analysis of observations of 3C 58 using Einstein and ROSAT (Beker, Helfand, and Szymkowiak
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(1982); Helfand, Beker, and White (1995)) suggested that there is a ompat objet at the enter
of the SNR. The authors note that while 3C 58 is a young Crab-like remnant, its radio luminosity is
a fator of ∼ 10 less than the Crab, while its X-ray luminosity is ∼ 2000 times below that of Crab.
This implies that the spin-down luminosity of any pulsar powering 3C 58 is substantially lower than
that of the Crab, and that there must be signiant dierenes in the mehanisms that hannel the
spin-down energy into X-ray emission.
Using the ROSAT HRI data, and extrating photon events from this ompat objet, Helfand,
Beker, and White (1995) failed to detet any periodi signal from this putative pulsar. The Cyle
1 HRC GTO program inluded a searh for pulsations in a series of SNRs ontaining synhrotron
nebulae.,with 3C 58 as the rst target. It was seleted as the most likely to ontain an X-ray pulsar
based on the earlier Einstein (Beker, Helfand, and Szymkowiak (1982)) and ROSAT(Helfand,
Beker, and White (1995)) observations. ASCA measurements showed that the power-law spetrum
steepens with distane from the enter of the nebula (Torii et al. (2000)), inreasing the expetation
that a pulsar is powering the nebula.
In this paper we report on the results from two Chandra X-ray Observatory (CXO) HRC observations
that were obtained for 3C 58 during Cyle 1 (1999-2000). One used the HRC-I as part of the original
observing program, and the seond used the HRC-S in a speial mode designed to overome a timing
problem with HRC that was disovered after the Chandra launh (Murray et al (2001)). The goal
of the observations was to searh for pulsations from the entral soure, and to measure the spatial
struture of the entral region. We also report on a re-analysis of Rossi X-ray Timing Explorer
(RXTE) observations that were made in 1997 using a new suite of analysis tools developed for radio
pulsar searhes and now applied to X-ray data (Ransom (2001)).
2. Observations with the HRC
2.1. HRC-I Observation
The rst HRC observation of 3C 58 was OBSID 00129. It was arried out on 30, November 1999 and
was done with HRC-I for 29 kse. The image obtained is shown in Figure 1. In panel (a), the HRC
data is binned to about 2.1 ar seond/pixel (16 HRC pixels per display pixel), and smoothed using
a Gaussian with a 2 ar seond sigma. The ontour shown orresponds to the X-ray isophote where
the nebula merges with the detetor bakground (∼ 1.2 ounts per display pixel). The ontour is
about 8 ar minutes long and 5 ar minutes wide. Panel (b) shows the entral part of the image.
Here the data are binned 0.1318 ar seond/pixel, and then smoothed using a Gaussian with a 0.25
ar seond sigma. It is evident from these Chandra images that the ompat soure and its extent
rst reported by Helfand, Beker, and White (1995) is real.
Integrating the X-ray emission over the entire nebula (as dened by the ontour) gives an estimate
of its luminosity. There are 37883 total ounts inside this ontour, and after bakground subtration
a net of 18620 ounts in the 29 kse observation time. Using the nebula average best t photon
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5 arc minutes
(a)
10 arc seconds
(b)
Fig. 1. The HRC-I image of 3C 58 (OBSID 00129). The left panel (a) shows the image binned at 16 HRC pixels
(2.11 ar seonds) per display pixel, and smoothed using a Gaussian with a 2 ar seond sigma. The ontour shown
is taken as the approximate limit of the X-ray nebula and is used to estimate the total X-ray luminosity. The image
on the right (b) is the entral region, binned at 1 HRC pixel (0.1318 ar seonds) and smoothed using a Gaussian
with a 0.25 ar seond sigma.
power-law spetral index α = 1.9, and the olumn density NH = 3 × 10
21cm−2, (Helfand, Beker,
and White (1995); Torii et al. (2000)) we nd Lneb = 2.9 × 10
34erg/s (0.08 -10 keV), taking the
distane to 3C 58 to be 2.6 kp (Green and Gull (1982))). The unertainty in luminosity due to
various systemati eets suh as the spatial limit of the nebula and unertainties in the spetral
parameters is estimated at about 20%.
2.2. HRC-S Observation
The seond HRC observation of 3C 58 used HRC-S in imaging mode to allow aurate event
timing measurements. In this 33 kse observation (OBSID 01848), taken 23 Deember, 2000
(MJD=51901.33), the same large sale spatial properties were found for the soure as desribed
above. However, in this observation the point soure was loated on-axis resulting in better image
quality on the sub-ar seond sale. (In the HRC-I observation the point soure was about 2 ar
minutes o-axis.)
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2.2.1. Two Dimensional Spatial Model of the Central Region
The smoothed image of the entral region of 3C 58 shown in the inset of Figure 1b suggests that
there is a point-like soure embedded in an extended region that is elongated along the North-South
diretion. We have t the entral region of 3C 58 to a simple 2D spatial model (using the CIAO
Sherpa tools) onsisting of the sum of two 2D Gaussian distributions (one irularly symmetri
to simulate a point soure, and one with elliptiity to simulate the extended omponent), and a
onstant bakground. The results of the spatial t are shown in Figure 2, and summarized in
Table 2.2.1. From Table 2.2.1 we note that the rst Gaussian omponent is onsistent with a point
soure, and that the extended emission is haraterized by a FWHM of about a 3 ar seond extent
along its major axis and about 1.3 ar seonds along the minor axis.
(a)
10 arc seconds
(b)
10 Arc seconds
Fig. 2. Central region of 3C 58 showing the ompat soure and its extended nebula at 0.131 ar seonds per
pixel (a) and a 2D model onsisting of a Gaussian approximation to a point-like soure plus an elliptial Gaussian
representing the extended omponent (b). The ontours plotted are fator of two steps in surfae brightness starting
at 0.039 ts pixel
−1
. For referene, the model ontours are also plotted over the raw image (a).
The X-ray emission assoiated with the point soure and its extended sub-nebula is obtained by
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Table 2.2.1 2D Spatial Model Results
Parameter Value Unertainty
g1.fwhm 4.28 ±0.48
g1.ampl 7.32 ±1.21
g2.fwhm 25.78 ±0.94
g2.ampl 3.01 ±0.18
g2.ellip 0.42 ±0.03
3.0 0.038 ±0.013
Table 2.2.1: The model onsists of the sum of the following omponents. A 2D Gaussian (g1) with irular
symmetry representing the point like soure ontribution, a 2D Gaussian (g2) with elliptial symmetry representing
the elongated extended emission around the point-like soure, and a onstant 2D bakground omponent (3). We
xed the loation of the Gaussian funtions at the entroid of the emission, and allowed the position angle and
elliptiity of the extended Gaussian to be free parameters. The FWHM (in units of 0.131 ar seonds per pixel), the
amplitude ( in ounts/pixel at the peak) for the Gaussian omponents, and the bakground amplitude
(ounts/pixel) were also free parameters of the t.
integrating the ux within the outer ontour shown in Figure 2. This is an isophote that is just
above the mean bakground (0.039 ounts/pixel), and we have 2064 net ounts. Converting to
luminosity, we use a photon power-law index α = 2.0 for just the entral region of 3C 58 (Torii et
al. (2000)), a olumn density of NH = 3×10
21cm−2, and a distane to 3C 58 p 2.6 kp (Green and
Gull (1982)) , to obtain Lx−central = 2.84×10
33ergs−1(0.08−10keV ). Using the model parameters,
we estimate the point soure ontribution to be 150 net ounts. Converting to luminosity we obtain
Lx−point = 2.06 × 10
32
erg s
−1
2.2.2. Timing Analysis
In a ∼ 1 ar seond radius region entered on the point soure (RA=02h05m37s.8, DEC=+64◦49
′
41
′′
J2000), 744 photons were extrated from the image. The event times (provided in terrestrial time
by the CXC) were orreted to time at the solar system baryenter using the denitive Chandra
geoentri spaeraft ephemeris. The standard CIAO axBary tool (using the JPL DE450 solar
system ephemeris) provided by the CXC was used to produe a serial (time ordered) list of events.
This list was analyzed using the FFT programs inluded in the IRAF PROS pakage resulting in a
strong signal at 30.451 Hz (orresponding to a 32.839 mse period). A standard epoh fold around
this period gives a light urve with a single sharp pulse and a duty yle of about 10-15%. We noted
that the sharply peaked nature of this pulse prole ould indiate that the true period is twie
as long, and that its seond harmoni ould dominate the other harmonis giving the strong FFT
signal at seen at 30.451 Hz. To test this hypothesis, we folded the data modulo a range of periods
around 65.679 ms and a over a range of period derivatives in order to maximize the signal-to-noise
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of the resulting pulse prole. The best prole, with a signiane of ∼ 6.7σ as determined using χ2
for a non-varying, onstant model, is shown in Figure 3.
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3C 58 HRC Folded Light Curve P=65.67895 msec (MJD 51901.330)
Fig. 3. The folded light urve for the HRC-S observation of 3C 58 using the 65.67895 mse period.
Here we learly see a double pulsed signal that is slightly asymmetri, with the two pulses about
180 degrees apart in phase angle, explaining why the light urve for a 32.839 mse period shows one
pulse. We take the presene of two pulses of dierent amplitude and shape as evidene that that
we have deteted a pulsar, whih we designate PSR J0205+6449, and that the true neutron star
rotation period is 65.67895±0.00001 mse (as determined on baryentri MJD 51901.330). We also
nd P˙ = (3.4±3.5)×10−13s/s. A similar analysis of the times series list was made using tehniques
developed by Ransom (2001) for faint radio pulsar detetion (disussed in more detail below). As
expeted we obtained the same results. The pulsed fration for the folded light urve in Figure 3 is
∼ 21%. However, there is signiant ontamination of the pulsed emission due to the projeted
emission from the extended sub-nebula. Using the spatial model desribed in Setion 2.2.1, we
integrated the surfae brightness from the three omponents over the inner 1 ar seond region used
for the light urve generation. We obtained 150 ounts from the pulsar (g1), 557 ounts from the
sub-nebula (g2), and 8 ounts of bakground (3). Thus, the true pulsed fration ould be as high
as 100%.
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3. Observations with RXTE
To onrm the periodiity deteted with Chandra, we analyzed an arhival observation of 3C 58
arried out with the Rossi X-ray Timing Explorer (RXTE) on 30 September, 1997 (ObsID 20259-
02-01-00). The total exposure time for this observation was 20.64 kse, spread over a total duration
of 36.12 kse. We analyzed data reorded with the Proportional Counter Array (PCA) (Jahoda et
al (1996)). The PCA onsists of ve idential proportional ounter units (PCUs) and is sensitive
to X-rays in the energy range 2-60 keV with a time-resolution of ∼ 1 µs. While the PCA has no
imaging apability and ollets photons aross a 1◦ eld-of-view, its large eetive area (∼ 6000cm2)
makes it well-suited to searhing for soures of faint X-ray pulsations.
The raw telemetry paket data from the observation were analyzed using MIT ustom software
optimized for RXTE analysis. We only onsidered data reorded in GoodXenon mode, and in-
luded only photons whih were reorded in the top xenon layer of the PCUs and whih fell into
hannels 2-27 (orresponding to an approximate energy range 2-10 keV). The data were re-sampled
at 2−9s = 1.95ms time-resolution, and periods when the soure was earth-oulted or o-axis were
exluded. A orretion was then applied to the data so that the binned arrival times orresponded
to baryentri dynamial time, using the Chandra soure position.
With these data, we reated a time series of 15 million points, and applied a Fast Fourier Trans-
form. The resulting amplitude spetrum was searhed using mathed ltering tehniques apable
of deteting signals with onstant frequeny derivatives. The searh is a Fourier-domain version
of the aeleration searhes used to nd binary radio pulsars and was sensitive to signals with
f˙ < 1.16×10−8 Hz/s. Inoherent summations of 1, 2, 4 and 8 harmonis were omputed to improve
sensitivity to narrow duty-yle pulsations. Fourier amplitudes between the raw Fourier bins were
alulated in order to minimize the salloping of sensitivity (see Ransom (2001) for a thorough
disussion of these tehniques).
The most signiant andidate from the aeleration searh had a period of 65.65923(5)~mse with
summed power of∼ 59 times the loal mean power level using eight harmonis. This result onrmed
the existene of periodiity found with the Chandra HRC. This summed power orresponds to an
overall signiane of∼ 6.4σ when the number of trials searhed is taken into aount. The strongest
individual harmoni (the third) ontained only ∼ 13 times the loal mean power level, helping to
explain why earlier searhes of this observation did not detet pulsations.
One the period was known, we maximized the signal-to-noise ration by folding various energy uts
of the raw data over a range of periods and period derivatives entered at P = 65.65923msec and
P˙ = 0.0. The best pulse prole is shown in Figure 4 and has a statistial signiane of ∼ 11σ as
determined by alulating χ2 with respet to a onstant model. The best period orresponds to
65.65923(2)~mse (at a baryentri MJD of 50721.790). The pulse shape is similar to that seen with
the HRC. However, the RXTE energy band diers from the Chandra band so that energy dependent
features may aount for dierenes in the details of the light urve. Also, the RXTE data inludes
many events that are not assoiated with the pulsar, again making a detailed omparison with the
HRC data diult.
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Fig. 4. Folded light urve using the RXTE observation of 3C 58 using the 65.65923 mse period.
4. Interpretation
Some properties of the rotating neutron star in 3C 58 an be estimated by applying the standard
magneti dipole model (Paini (1967); Ostriker and Gunn (1969)) to the observed data. In addition
to the pulse period (P = 65.67895sec on MJD 51901.330), we diretly measured the hange in period
by omparing the RXTE and Chandra periods and obtained P˙obs = 1.935(2)× 10
−13s/s. From the
spin down rate the spin down energy release is given by
E˙obs = 4pi
2IP˙ /P 3 = 2.6× 1037erg/s
where we use the anonial value for the moment of inertia (I = 1× 1045gm cm−2s−2) of a 1.4M⊙
neutron star.
The surfae magneti eld at the equator of the pulsar is given by:
B =
√
3c3IP P˙
8pi2R6
= 3.6 × 1012Gauss
The harateristi age is given by:
τ =
P
(n− 1) P˙
[
1−
(
P0
P
)n−1]
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where P0 is the initial period, and n is the braking index. In the ase of 3C 58, if we assume that
P0 ≪ P, and n = 3 ), we obtain:
τ =
P
2P˙
= 5.38 × 103yr
whih is longer than the historial age of 820 yr. Taking a braking index less than 3 inreases the
estimated harateristi time as alulated above, i.e., if the index were as small as 1.5, then the
harateristi age beomes 4 times larger. We onlude that if the historial age is orret, then
the initial spin period for this neutron star is not negligible and we estimate its value, assuming a
braking index of 3 to be:
P0 = P
√
1−
2P˙ τ
P
= 60.57msec
indiating that in this supernova, the resulting neutron star was initially spinning slower than the
urrent spin rate for the Crab. The initial spin period is not a sensitive funtion of the assumed
braking index. For example, if the braking index is as low as n=1.5, then the initial spin period is
60.86 mse.
5. Disussion
The 3C 58/J0205+6449 system is remarkably similar to the Crab Nebula/Pulsar in several respets.
While we defer a more detailed disussion of the pulsar and ompat nebula, and their relationship
to the overall energetis of 3C 58, to a future publiation, we disuss here some of the basi ob-
servational harateristis. The non-thermal spetrum of 3C 58 indiates that most X-ray emission
is from synhrotron radiation and, sine the nebula is entered on, and brightest in the viinity of
the pulsar, we onlude that the pulsar must be the soure of power. Indeed, the E˙ we alulate,
2.6× 1037 erg s−1 an easily supply the nebular X-ray energy, Lneb = 2.9× 10
34erg s−1. The pulsar
wave-form, two narrow peaks separated 180 degrees in phase, also indiates a non-thermal origin.
The two systems, however, dier signiantly in luminosity. Nebular X-ray emission from 3C 58 is a
fator of ∼ 1000 less than that of the Crab Nebula and the pulsed X-ray luminosity of J0205+6449
is a fator of ∼ 6000 less that that of the Crab Pulsar. Although the weaker pulsed emission might
be explained by beaming, the weaker nebular emission requires that the energy loss of the 3C 58
pulsar be onsiderably less than that of the Crab. There are empirial relationships disussed in
the literature between the spin down energy of a pulsar and either the synhrotron nebula X-ray
luminosity (e.g., Seward and Wang (1988)) or the total pulsar X-ray luminosity (e.g.,Beker and
Truemper (1997)). For 3C 58, both the predited X-ray nebula luminosity and the total pulsar
luminosity are a fator of 10 or more greater than that observed.
There have been several attempts to derive pulsar harateristis that would t the nebular mea-
surements. Most inferred a pulsar having high P and large B: Seward and Wang (1988), P = 550
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mse B = 8 × 1013 Gauss; Frail and Moett (1993): P = 730 mse, B=1 × 1014 Gauss; Helfand,
Beker, and White (1995), P = 200 mse, B=3 × 1013 Gauss. Others postulated an energy soure
that has turned o or somehow hanged onguration (Green and Sheuer (1992); Woltjer et al.
(1997)). Our observation shows, however, that the 3C 58 pulsar is not unusual but is remarkably
Crab-like. The known age of 3C 58 leads to the onlusion that the pulsar, in ontrast to the Crab
Pulsar, has not slowed muh sine birth, and that the luminosity has always been low ompared to
the present luminosity of the Crab Pulsar. Like the Crab Pulsar, J0205+6449 should exhibit pulsed
optial and radio emission. Now that the period is known, a sensitive searh would be worthwhile.
Although 3C 58 is ommonly aepted as the remnant of SN1181, agreement on this assoiation
is not unanimous (Huang (1986)). Bietenholz, Kassim and Weiler (2001) have reently observed
the radio expansion of 3C 58. They suggest that it is too slow for a free expansion of a young
remnant and suggest that the age of the remnant ould be lose to 5000 years, in agreement with
the harateristi age we derive for J0205+6449 assuming that P0 ≪ P and n=3. However, sine
deeleration of the remnant might be expeted, and sine there are no other good andidates for
the remnant of SN1181, we ontend that the rst interpretation - a low luminosity pulsar with little
slowing - is more likely to be orret.
We are left with 3C 58 ontaining a relatively normal pulsar (albeit one that was born spinning
slowly) yet still being unusual with its low X-ray luminosity, radio ux density inreasing with time,
and a sharp low frequeny spetral break whih are all hard to understand in the ontext of our
results.
Aknowledgments
This work was supported in part by NASA through the Chandra HRC Contrat, NAS 5-38248.
Muh of the timing analysis in this paper was arried out on a Linux luster at CfA funded by NSF
grant PHY 9507695. B.M.G. aknowledges the support of NASA through Hubble Fellowship grant
HST-HF-01107.01-A awarded by the Spae Telesope Siene Institute, whih is operated by the
Assoiation of Universities for Researh in Astronomy, In., for NASA under ontrat NAS 5-26555.
P.O.S and F.D.S aknowledge the support of NASA Contrat NAS8-39073. We aknowledge the
use of the NASA Astrophysis Data System in making it easier to review the literature and prepare
our referene list.
REFERENCES
Beker, R. H., Helfand, D. J., and Szymkowiak, A. E. 1982,ApJ 255,557
Beker, R. H. and Truemper, J. 1997 A&A 326, 682
Bietenholz, M.F., Kassim, N.E., Weiler, K. W., 2001, Astro-ph/0106334
Clark, D.H., Stephenson, F.R., 1977, The Historial Supernova, Pergamon, Oxford
 11 
Frail, D.A. and Moett, D.A., 1993, ApJ 408, 637
Garmire
Green, D. A., and Gull, S. F. 1982, Nature 299, 606
Green, D.A., and Sheuer, P.G.A., 1992, MNRAS 258, 833
Helfand, D. J., Beker, R. H., and White, R. L. 1995, ApJ 453, 741
Huang, J.L., 1986, Bull. AAS 18, 1043
Jahoda, K., Swank, J. H., Giles, A. B., Stark, M. J., Strohmayer, T., Zhang, W. and Morgan, E.
H., 1996, Pro. SPIE 2808, 59
Murray
Murray 2000
Murray, S.S., et al 2001
Ostriker, J. P. and Gunn, J. E. 1969, ApJ 157,1395
Paini, F. 1967, Nature 216,567
Ransom, S.M. Harvard University, Department of Astronomy PhD Thesis, 2001
Roberts, M.S.E., et al, 2000, AAS Head Mtg 32.4411
Seward, F. D. and Wang, Z. 1988, ApJ 332,199
Torii, K et al, 1999 ApJ 523, L69
Torii, K., Slane, P. O., Kinigasa, K., Hashimotodani, K., Tsunemi, H. 2000, PASJ 52,875
Woltjer, L., Salvati, M., Paini, F., and Bandiera, R., 1997, A&A 325, 295
This preprint was prepared with the AAS L
A
T
E
X maros v5.0.
